Introduction
Oligophosphonic and -phosphinic acids roused significant interest as complexing agents and gained importance in many fields of practical chemistry. Particular attention was drawn towards molecules having two or more phosphonic or phosphinic acid substituents in vicinal and/or preferably geminal positions attached to the ethane fragment. Novel synthetic procedures [1 -4 ] led to structures related to a generalized for mula:
R P* P* = P ( 0 ) ( 0 H )2 P hosphonic acids | | P* = R 'P ( 0 ) 0 H Phosphinic acids H -C-C-H R' = Me, E t,/B u , Ph I | R = H, M e ,/B u , Ph, Mes p* p* While the phosphonic acids represent 6-basic acids of the general type H6L, the 3-basic phos phinic acids will be abbreviated H 3L. We titrated those com pounds vs. bases and found, that 31P{'H }-N M R spectra of the resulting solutions depend significantly on the state of the titration equilibrium (the composition of species) and the nature of the base cations. By stopped-flow N M R techniques, developed in our laboratories [5, 6] , complex dynamic situations involving AB2, ABC and ABX spectral types were observed. A full un derstanding of these phenomena primarily re quires the knowledge of accurate dissociation * R eprint requests to Prof. Dr. G. Hägele.
Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0932-0776/90/0300-0323/$ 01.00/0 (protonation) and metal complex formation con stants. At the stage of our research we combined the analytical, preparative and N M R aspects by joining the expertise available in Szeged and Düsseldorf.
Here we wish to start a series of systematic in vestigations and report on three selected phos phinic acids:
The molecules of these com pounds contain three specific phosphinic acid groups C H 3P (O)OH. The first one is situated at the chiral C 1 atom , while the non-equivalent geminal pair of phosphinic groups is attached to the C2 atom. As a result, dissociation and complexation of these com pounds are non-trivial processes, in principle involving the more complicated concepts of mi croscopic stability constants in alternative ligand structures. In aqueous solutions of phenyl and methyl derivatives 1 and 2, the dissociation species H 3_,L'_ (/ = 0 -3 ) exist in a rapid conform ational equilibrium or, less probably, in a singular conformer. This situation does not hold for the sterically hindered /-butyl com pound 3: while in corre sponding species H 3_,L'~ with i -0 -2 , a singular species is detected, for the tri-negative anion two individual rotam ers were observed by N M R means [2 -4 , 6] . In addition, we do expect inter actions between the molecular conform ations of our model systems and the donor properties of the corresponding anionic species. E .g. when metal complexes form, there are several possibilities to set up 6-or 7-membered chelate rings.
The aim of our experiments was to study the protonation and metal complex form ation equili bria of phosphinic acids 1 -3 . The classical, m a croscopic concept of equilibria will be adopted as a first order approxim ation to describe the experi mental results. A selection of phenyl-and methylsubstituted phosphinic acids 1 and 2 was employed to compare aromatic and aliphatic substituent ef fects. By comparing the methyl and f-butyl deriva tives, 2 and 3, we intended to obtain inform ation about sterical effects induced by these substituents R attached to the ethane skeleton.
The Treatment of Equilibria
The cumulative (overall) form ation constant, ß qpr, o f a species is defined on the basis of the fol lowing equilibrium (where charges on individual species are omitted for simplicity):
If there is no metal complex form ation, (q = 0), than only the protonation of the ligand occurs. With p = 1, species with the composition H rL are formed.
The stepwise formation (or protonation) con stant, K", is defined by the following equations:
The /?r's and K r's are related by:
K, = /?,
In subsequent papers, dealing with N M R as pects of compounds 1 -3 , we will use the conven tional individual dissociation constants, Ksr's, which are the inverse values to the K r's.
The Principles o f Calculations
In the equilibrium systems discussed here, the following reactants can be present: strong acid, e .g . HC104, (Th), strong base e .g . NaOH as the titrant, (T0H), ligand (TL). and metal ions (TM), where the total concentrations are given in pa rentheses.
In each point of the titration, the total concen trations can be expressed by the following equa tions:
where Cj is given by the expression:
For assumed values of qJ5 p, and r, and ß] (de fined by the complex model under consideration), equations (9), (10) and (11) may be solved explic i t l y on the basis of experimental data. In conse quence, the concentrations of individual species present in the equilibrium system and the calculat ed intensity data (e.g. E (mV)) are obtained. By com parison o f the measured and calculated inten sities, correction values are evaluated for the pa rameters to be refined (here ß;), and the procedure is repeated with the corrected parameters. This procedure is done efficiently by an advanced ver sion of the com puter program PH-POT, which was developed by F. G. in the Szeged laboratories [71-In figures to be shown below, we will use an aux iliary function, ZH, which is indicative for the ef fective num ber of protons bound by the protonating species. This variable Z H is defined by:
Experimental Part
M aterials: The phosphinic acid derivatives used were prepared according to [1] [2] [3] [4] . All other chemi cals were commercial products of analytical grade.
The pH-m etric measurements were performed in sodium perchlorate solution of 0.5 mol dm -3 ionic strength at temperatures of 25 ( + /-0 .1 ) °C by using an Orion digital potentiometer with an accuracy o f 0.1 mV. The measuring electrode was a Beckman glass electrode, and the reference elec trode was a RADELKIS OP 820 Ag/AgCl elec trode. In the electrode the separating electrolyte solution was 0.5 mol dm 3 sodium perchlorate. During the experiments 50.0 cm3 of about 5 mM solutions o f the H^L com pounds 1 -3 were titrated (under nitrogen atmosphere) with 0.1 mol dm -3 sodium hydroxide also containing 0.4 mol dm -3 sodium perchlorate.
The experimental data were evaluated by an advanced version [7] of the least-squares com puter program described earlier. The refinements were carried out for the sum of the squares o f the resid uals of the electromotive forces [X(zIE2)]. The iterative fit is characterized by standard devia tions, a, (mV), of the electromotive forces which a re given in the tables by the expression: a = V S ( J E2)/(NM P-NP-1). NM P denotes the num bers o f measured points, while NP stands for the num ber of parameters to be refined.
The electromotive forces (E) can be described by the extended N ERN ST equation:
The parameters E°, g (59.16 mV at 25 °C), j H and j OH (correction factors for the diffusion poten tial in the acidic and the alkaline region), and Kw were determined from blank acid-base titrations [9] , Optim ization of only the E° values was consid ered necessary. Parallel measurements were eval uated simultaneously by using the individual data for E°.
Results
As a typical example, the pH-metric titration curve of the phenyl substituted com pound 1 and its average num ber of protons (ZH) vs. base equiv alents (a) curve, are plotted in Fig. 1 .
It can be seen that the uptake of 2 protons oc curs in the titration range. The protonation con stants and their errors (expressed in hundredths) are listed in Table I . T able I. P ro to n atio n and dissociation co n stan ts o f co m p o u n d s 1 -3 , 1-substituted e th a n e -1,2,2-tris-(P-m ethyl-phosphinic acids). Obtained from measurements in the presence of metal ions, the pH-metric titration curves of the phenyl derivative 1 are shown in Fig. 1 b. The compositions of the metal complexes and the log/? values resulting in the best fits are listed in Tables II, III and IV.
Discussion of Results

P rotonation constants:
Each of the compounds 1 -3 represents a 3-basic acid and consequently is characterized by 3 individual protonation con stants. But in our experiments only 2 protonation constants were obtained by simulation of the titra tion curves. With respect to sterical effects it is in teresting to note that the first protonation con stant of 3, the /-butyl derivative, is significantly larger than those o f the methyl, 2, or phenyl, 1, compounds. This fact, together with the larger logK 2, indicates the unexpected high basicity of 3.
M e ta l com plexes: In the case of the phenyl de rivative, 1, we tried to determine the stability con stants of four alkaline earth metal complexes. We found, however, that the strontium and barium ions form very weak complexes only, and the val ues o f the stability constants obtained are rather uncertain. For the other two derivatives, 2 and 3, therefore, we disregarded the examination of the complexes of Sr(II) and Ba(II) ions. The G a(III) ion, on the other hand, forms very strong complex es, therefore pH -metric measurements are not fe a s ib le and th e constants can not be evaluated. In the case of Al(III) ions, the interaction is again strong and the treatm ent of the constants obtained requires caution. Therefore, reliable consequences can be drawn only from the data o f the magne sium, calcium, copper(II) and zinc complexes. The existence o f two magnesium and calcium complexes could be substantiated, which corre sponds to our expectations. It can be seen in T a bles II, III and IV, that the stability of the ML complexes of the copper(II) and zinc ions is con siderably higher than that of the two alkaline earth metal complexes. Regarding the M H L complexes, it can be stated that their stability is the lower the higher the stability of the ML species. This tenden cy suggests that the form ation o f ML complexes results in a strong electron transfer from the li gands to the metal ions, which decreases the basici ty of the uncoordinated donor oxygens. This tend ency seems to be confirmed for aluminium, too, which forms the most stable complexes. However, it is surprising that there is not a great difference between the protonation constants of the ML complexes with the different ligands; their values are about 4.5, 5.2, 3.5 and 3.7 for magnesium, cal cium, copper(II) and zinc, respectively.
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Conclusions
Within the range of pH-m easurem ents as pre sented here, (2 .2 -11), the com pounds 1 -3 take up only 2 protons. All our efforts to calculate the third protonation constant failed.
Our calculations show, however, that the miss ing pK, cannot be greater than 1.0-1.2. Particular attention is drawn to a com parison of the methyl and f-butyl derivatives 2 and 3. A lthough one can expect a higher basicity for the f-butyl com pound, the value found surpasses our expectations. O f the metal ions examined, the alkaline earth metals form relatively weak complexes. Exam ination of the stability constants clearly shows that their complex-forming tendency decreases with a corre sponding increase of cationic radii. The copper(II), zinc and aluminium complexes conform to this conclusion. For the Cu(II), Al(III) and Zn(II) ions, which are easily hydrolyzed, form ation of the m onohydroxo complex does occur. The stability is not very high, however, and both the copper(II) and zinc complexes irreversibly decompose up to about pH 9.6. It is not substantiated by our meas urements, but it can be assumed that the formation of 6-or 7-membered chelate rings can play a role in the stability of the hydroxo complexes. The evaluation of the measurements available does not indicate the presence of other, e.g . binuclear or bis-complexes.
In subsequent publications we will report on NM R studies of protonation and complex form a tion equilibria.
